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Conjugation, a sexual stage in the life cycle of
Tetrahymena, is marked by the pairing of cells of opposite
mating types. The morphological changes that occur in cells
induced to conjugate were studied in this investigation. The
study was designed also to analyze the effects of alphaprodine
HCl on cell population growth cycle of ciliate-tetrahymena.
Mating types B3 and B7 of T. thermophila were cultured
separately in axenic 2% proteose peptone at 28 C. To initiate
mating reation, starved cells of opposite mating types were
mixed and incubated in either sterilized distilled water or
Dryl's salt solution or Tris buffer at pH 7.4. The organisms
were examined by scanning electron microscopy to observe gross
morphological changes prior to, during and post mating. Results
revealed that T. thermophila transformed from a pyriform-shaped
iii
trophic form to an elongate rapidly swimming dispersal form
under appropriate starvation conditions. The cell replaced its
oral structures and increased somatic ciliation was observed.
Alphaprodine HCl markedly altered the morphology of treated
cells. The drug also inhibited population growth cycle by
inhibiting cellular respiration of the ciliates. The relation
between transformation and conjugation was also examined. Less
transformation took place when mating was possible, but trans¬
formed cells may also mate. This investigation revealed that
induced cells undergo a short developmental process for about
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Cellular interactions play a major part in the development
of multicellular organisms. Among the model systems for analy¬
zing cellular interactions are those involving the mating reac¬
tions of unicellular organisms. These systems have the advan¬
tages that only two homogeneous cell types are involved in the
interactions. The phenomenon reaction is easily induced, is
synchronous, and goes nearly to completion. This condition is
met in unicellular systems in which cells of two different
mating types may be induced to enter the sexual phase of their
life cycle and conjugate.
The process of conjugation in Tetrahymena has been recog¬
nized as a source of material not only for studies of cellular
adhesion (McLean et al., 1974), cellular recognition and cellular
interactions (Miyake and Beyer, 1973; Hartwell, 1973; Miyake,1974), but also as a model system for cellular differentiation
(Wolfe, 1973; Bruns and Brussard, 1974; Bruns and Palestine,1975). Conjugation, by its very departure from the asexual
division cycle, represents a cellular commitment to a new
biological pathway. The magnitude of the change occurring
during sexual differentiation is indicative of a major biological
transformation. It includes, at least for Tetrahymena, fusion
of plasma membranes to form "pores" and the paired cells being
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joined by cytoplasmic bridges; oral apparatus resorption; micro-
nuclear meiosis; pronuclear transfer and zygote formation;
and the macro- and micronuclei (Elliot, 1973; Wolfe, 1974).
Like differentiation in animal cells, conjugation in Tetrahymena
occurs exclusively between cells located in Gi stage of the
cell cycle (Wolfe, 1973, 1976a; Doerder and DeBault, 1975).
This process is inducible, synchronous, and is easily assayed
by light microscopy.
Conjugation is an inducible developmental process (Bruns
and Brussard, 1974). Formation of pairs under* conditions of
nutrients deprivation requires, minimally, recognition of the
complementary mating types, the formation of specific and
stable intercellular attachments and fusion of the restricted
regions of the cell surface. A nutrient shift-down induces
the development of a dispersal form in a polymorphic species
of Tetrahymena (Williams, 1960).
The present study is directed towards examining the develop¬
ment of this dispersal form, and the relationship of this
developmental sequence to that leading to another starvation-
mediated event — conjugation. The physiological effects of a
recently produced narcotic analgesic drug — alphaprodine
hydrochloride — on Tetrahymena thermophila was also investi¬
gated. The outcome of these investigations might aid in ongoing




piperidinol propionate hydrochloride) is a rapidly acting syn¬
thetic narcotic drug with significant sedative effects (Modell,
1977; Kaufman et al., 1979; Clouet, 1971; Munson and Scott,
1972; Petrie et al., 1976). It has morphine-like pharmacolo¬
gical properties (Gilman and Goodman, 1977), is employed for
relief of pain but entails the risk of producing physical and
psychological dependency. Its duration of action requires
more frequent administration and might increase the possibility
of addiction.
The drug (Nisentil) has its effects on the central nervous
system and is a primary and continuous depressant of respiration,
at least in part by virtue of a direct effect on the respiratory
center in the brain stem (Gilman and Goodman, 1977). In animals,
death from Nisentil and related narcotic analgesics is nearly
always due to respiratory arrest. Therapeutic doses in man
depress all phases of respiratory activity (rate, minute volume
and tidal exchange). The mechanism of respiratory depression is
a reduction in responsiveness of the brain stem respiratory cen¬
ters to increase in partial pressure of carbon dioxide (Gilman
and Goodman, 1977; Leander, 1978). This drug depresses the
pontine and medullary centers involved in regulating respiratory
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rhythmicity and responsiveness of medullary respiratory centers
to electrical stimulations (Pentiah et al., 1966; Florez et al.,
1968).
Alphaprodine hydrochloride is readily absorbed from the
gastrointestinal tract, nasal mucosa, lung (smoking) and after
subcutaneous or intramuscular injection. Toxic effects of this
drug in cats and rats include coma, shallow respiration,
cyanosis, hypotension, pinpoint pupils, dizziness, drowsiness,
and chronic convulsions (Grubber et al., 1950). There are many
isomers of alphaprodine type drugs but they are all administered
as hydrochloride salts.
Alphaprodine HCl displays certain characteristics that
enable it to bind to the nerves and brain cells: (1) low
ionization at physiological pH; (2) minimal binding to plasma
proteins; and (3) high lipid solubility. It exerts its pharma¬
cological actions via the occupation of receptors in central
and peripheral nervous tissues (Pert et al., 1973; Goldstein,
1974; lorio et al., 1977). Narcotic receptor sites have been
postulated to consist of a charge anionic site (65 x 8.5^) with
a focus of charge at the anionic site being separated by a
cavity and a flat surface (Beckett et al., 1956). Thus a
cationic analgesic drug carrying a charge at physiological pH
could form an ionic bond with the anionic receptor which then
might further be reinforced by van der Waals forces. The cavity
in the receptor allows for close association of the cationic
nitrogen in the benzene ring of the drug and the anionic site
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as well as for a three dimensional structure of the receptor
surface (Mul^, 1971). Phospholipids have been implicated as
central receptor for alphaprodine HCl and other narcotic anal¬
gesics.
This drug inhibits energy-yielding oxidative processes of
neurons, namely inhibition of oxidation by brain cells and of
substances important in carbohydrate metabolism — glucose,
lactic acid, pyruvic acid and succinate (Quastel and Wheatley,
1953). Adsorption of the narcotic drug to the plasma membrane
diminishes the ability of the cells constituting the respiratory
center to activate lactic and pyruvic acids. This inhibition
r'lftsults in a lowered ability to secure energy to carry out
functional activities. Narcosis — or paralysis of certain
specific functional activities — may then ensue.
During recent years, certain prescribed drugs have been the
(
target of several investigations on the ciliated protozoans,
Tetrahymena pyriformis or T. thermophila. Tetrahymena is cer¬
tainly not representative of all ciliates but may be considered
typical of this group. Several studies have been reported on
the effects of drugs on the growth and motility of Tetrahymena
because of the simple, relatively inexpensive method of evalu¬
ating inhibiting action, of the drugs, Durqjaiye (1979) ob¬
served that 3,3-diethy1-5-methy1-2-4-piperidinedione (methypry-
lon) inhibited growth and motility of the ciliate T. pyriformis
causing cytolysis and often resulting in complete disintegra¬
tion of the pellicular and ciliary membranes. Such affects
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were observed by Van Eys and Warnock (1963) on the ciliate,
Spirostomum. Sanders and Nathan (1959) observed the effects
of the antihistamines — diphenylhydramine tripelennamide and
pheniramine on growth and motility of T. pyriformis. Results
indicated that the antimotility and growth effects observed
were similar to the local anesthetic properties of the anti¬
histamines .
Schultz et al. (1977) stated that the most striking and
immediate sublethal effect of phenol on T. pyriformis was the
abrupt reduction of oxygen uptake.
Nilsson (1977) reported that T. pyriformis GL has little
tolerance to prolonged exposure to 7.5% dimethyl sulfoxide. He
further observed that few cells survived a 24 hr exposure.
According to Nilsson, dimethyl sulfoxide interfered with meta¬
bolism of the organism. He noted that at high concenrations
the drug had a dose-dependent effect on cell growth. This dose
dependency was more specifically on DNA and RNA synthesis and
on the rate of oxygen consumption.
The first account of conjugation in Tetrahymena was that
of Maupas in 1889 (Elliot, 1973) on Leucophyrys patula which is
now T. pyriformis. The process was reported later by Elliot
and Nanney (1952). Several factors were found to influence the
mating process. Starvation by washing the organisms in distilled
water induces conjugation within a few hours (Elliot and Hayes,
1953). Temperature and light variations have little effect on
the process, but anoxia and agitation prevent it.
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The sexual phase in binucleate strains of the ciliated
protozoan T. thermophila consists of a set of developmental
events, leading from vegetative growth through pair formation
to completion of conjugation; recomhinant, immature cells result
(Elliot and Hayes, 1954; Nanney, 1953). Immature cells are
unable to reenter the sexual phase since they do not form pairs,
A strain specific growth of forty to fifty fission is necessary
before the cells are once again mature (Bleyman, 1975; Perlman,
1973).
Pair formation, the first observable event in the sexual
cycle is the consequence of several steps (McCoy, 1972; Wolfe,
1973; Bruns and Brussard, 1974). The process of pair formation
by sexual strains of T. pyriformis is an inducible pathway,
interrupting the cellular activities of vegetative growth (Bruns
and Brussard, 1974).
Tetrahymena is a structural polar entity.' The otal appa¬
ratus, close to the anterior end, defines the anteror-pos-
terior axis and other structures bear fixed positional relation¬
ships to it. The cellular polarity |has obvious, morphogenetic
significance. For example, prior to division, the furrow
always cuts across the middle of the antero-posterior axis
just anterior to the newly developed oral apparatus, giving
rise to two daughter cells (Stephens, 1979).
Nutrients deprivation is one of the conditions for inducing
conjugation in these ciliates (Allewell et al., 1976; Elliot
and Nanney, 1952). This cell pairing requires the recognition
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of complementary mating types, formation of specific and stable
intercellular attachments and fusion of restricted regions of
the cell surface. Pre-pairing events in T. pyriformis have
been studied extensively by Wellnitz and Bruns (1979). Pairs
do not form for about two hours; the pre-pairing events represent
a short developmental sequence which may require a sequential
reading of specific genes (Wellnitz and Bruns, 1979). These
pre-pairing events may serve as a model system in which to
study the control of gene activity (Wellnitz and Bruns, 1979).
Two distinct, temporally separated, stages have been iden¬
tified — initiation and costimulation. Initiation must precede
costimulation; is independent of mating type (Allewell et al.,
1976), and occurs in the presence or absence of a second mating
type (Bruns and Palestine, 1975). Costimulation is a specific
reaction that involves cellular contacts between specially pre¬
pared cells; may require protein synthesis, and leads to cellu¬
lar adhesion and fusion in T. pyriformis (Bruns and Palestine,
1975; Nelsen, 1975). All of this occurs under starvation
conditions. Since it has been shown that starvation is accom¬
panied by a rapid reversible decrease in protein synthesis and
polyribosomes of T. pyriformis (Klemperer and Rose, 1974;
Cameron et al., 1971), the molecular activities associated
with costimulation may be occurring in a system which is shut
down for many of the functions associated with vegetative
growth.
The conjugating process in Tetrahymena is a suitable system
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for studying specific cell recognition, agglutination and mem¬
brane fusion in eucaryotic cells. Freeze-fracture studies
of conjugating cells revealed that fused membranes formed during
conjugation are completely devoid of intramembranous particles
(Frisch et al., 1977b; Frisch et al., 1978). A possible
explanation might be that the development of the conjugation
requires de novo synthesis of membrane phospholipid (Frisch et
al., 1978). Recently it has been shown that the antibiotic
cerulenin specifically blocks lipid synthesis in T. pyriformis
by inhibiting the condensing enzyme of the fatty acid synthetase
complex (Richmond, 1979; Frisch et al., 1978). Concanavalin A
(Con A), a plant (Lectin) protein, with specificities for
binding to galactose and glucosamine residues, blocks conjuga¬
tion in Tetrahymena (Richmond, 1979; Frisch et al., 1977a).
Concanavalin A is most likely binding to sites or competing for
sites near those involved in making cell-cell contacts upon
conjugation (Richmond, 1979).
Mating substances which were able to induce specific
contact between the appropriate cells have been isolated from
Paramecium (Kitamura et al., 1976), Chlamydomonas (Snell, 1976),
yeast (Yen and Ballow, 1974), and Tetrahymena (Adair et al.,
1978; Wolfe et al., 1980). These components appear to be
glycoproteins, while in the case of Paramecium their chemical
nature is still unknown. The mating substances in Tetrahymena
are tightly associated with the exterior surface of the membrance
(Frisch et al., 1976). Further supports for the view that
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glycoproteins mediate mating reactions between cells were ob¬
tained from experiments showing that Con A prevented mating
between opposite mating types of Chlamydomonas (Wiese et al.,
1970), T. pyriformis (Richmond, 1979; Frisch et al., 1977a) and
inhibited fertilization of sea urchin (Lallier, 1972). Inhibi¬
tion by Con A is reversible. It has also been shown that
tunicamycin, which specifically prevents incorporation of [^H]
glycosamine into cells of T. pyriformis, also blocks conjuga¬
tion (Frisch et al., 1976). These observations clearly indi¬
cate that glycoprotein molecules participate in the conjugation




Physicochemical Analysis of Conjugation
Tetrahymena thermophila mating types B3 and B7 (Strains WE
2035) were procured from Dr. Jason Wolfe, Wesleyan University,
Middletown, Connecticut. These mating types were cultured
separately in an axenic 0.5% proteose peptone, 0.5% Bactotryptone
(Difco) which was adjusted to pH 7.2 with a dibasic potassium
phosphate. Stocks were grown without agitation in Erlenmeyer
flasks whose volumes exceeded by five times the volume of
culture medium. All matings, growth and starvation were per¬
formed at 28 C. The protocol used and specific methods of
handling the cells were detailed previously (Nelsen and DeBault,
1978). Briefly, cells from a 1 day old tube culture were
inoculated into a 500 ml flask containing 150 ml of medium and
were incubated without shaking at 28 C until a cell density of
6-12 X 104 cells/ml was reached. For starvation the cells were
centrifuged at 100 x g for 2-3 min, gently resuspended in either
lOmM Tris buffer (pH 7.4), Dryl's physiological salt solution
or sterilized distilled water. Each culture was washed several
times in the appropriate medium in a clinical centrifuge and
resuspended in the medium (Fig. 1). The Dryl's salt solution
used contained (per liter) 0.5 g of sodium citrate, 0.14 g of
NaH2P04, 0.14 g of Na2HP04 and 0.225 g of CaCl2. The solution
11
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was pressure sterilized. In experiments in which the cells
were fed after being washed into Dryl's solution, a concentrated,
sterile proteose peptone solution was simply added to give a
final 1% solution. Mating types B3 served as control cells.
Shiftdown and Conjugation
Equal volumes of starved cells of each mating type,
approximately 80 ml each at a concentration of 6-12 x 10^
cells/ml, were mixed and 5 ml aliquots were taken immediately
and after 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 16, 20, 24 and in
some cases 32, 48 and 92 hr post-mixing, to be fixed for scanning
electron microscopical observations. Nutritional shiftdown was
accomplished by transferring cells from nutrient medium (NM) to
starvation buffer (SB) lOmM Tris buffer, (pH 7.4), or Dryl's
solution or sterilized distilled water (Fig. 1). Cells in SB
were routinely starved for 18-20 hr at 28 C without agitation
in Erlenmeyer flasks whose volumes exceeded by 10 times the
volume of starvation medium. Cell counting was done with a
Coulter counter, with a 200 >jim aperture. Conjugation was
estimated by placing a drop of fixed cells (20% formalin neu¬
tralized with 0.01 M phosphate buffer, pH 7.2, or acetocarmine)
on a depression slide. Every cell encountered while scanning
from one edge of the cover slip to the other at several dif¬
ferent positions was counted. Fused cells were defined as
those in which pairbonding survived fixation.
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Pig. 1. Induction of Conjugation in T. thermophila
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S.tereomic.r.oscQpy
Cells were prepared for stereomicroscopy by staining the
nuclei with acetocarmihe, ^Nucleat changes in conjugating cells
were monitored* The cells were photographed with a 35mm camera
(Polaroid).
Scanning Electron Microscopy
Samples were removed periodically, washed and fixed in 2-
4% glutaraldehyde in lOmM phosphate buffer. The samples were
post-fixed in 2-3% osmium tetraoxide. These specimens were dehy¬
drated in graded series of ethanol and amylacetate and air dried
overnight. Specimens were coated with gold and platinum and
viewed in the Omniscan Electron Microscope operated at 20 kv.
Selected specimens were photographed on Polaroid Type 55 Land
Film.
Cell Population Growth Cycle
T* thermophila B3 and B7 cells were grown in a recommended
medium (Carolina Biological) at 28 C in 5% proteose peptone, 5%
bactotryptone (Difeo) and 0.2% KH2PO4 by frequent serial trans¬
fers, under axenic conditions. The growth studies were con¬
ducted according to the modified methods of Durojaiye (1979).
This was performed by removing the cells from culture, washing
and resuspending in alphaprodine HCl solution at different
concentrations (Table 1). The media used for washing cells,





























(pH 7.4), sterilized distilled water and Dryl's salt solution.
The cells were not started for observation of effects of the
drug on population cell cycle. Growth population readings were
taken at 0, 8, 24, 48 and 72 hr. The organisms were removed
from drug solutions at 2, 4, 6, 8 and 24 hr and fixed for scanning
electron microscopical observations.
Motility Studies
Motility observations were performed according to the
modified methods of Scherbaum (1957) and Durojaiye (1979). All
organisms used were taken during the logarithmic phase of the
cell population growth cycle. To observe the effect of the
drugs on the rate of motilty, 0.5 ml of the organisms and 0.5
ml of the drug at varied concentrations (Table 1) were placed
in counting chamber. These studies were made using the Sedgwick-
Rafter plankton counting chamber in conjunction with a Whipple-
Hawes Ocular Micrometer disc and light microscopy. The percent
immobolization counts were made at 5 min intervals for a period
of 60 min and were determined by using the following formula;
% T Total Number of Tj x 100




% T Percent immbolization of Tetrahymena
Immobolized Tetrahymena
Tetrahymena in counting chamber
CHAPTER IV
EXPERIMENTAL RESULTS
Morphological Changes in Starved Cells
Tetrahymena thermophila under appropriate culture condi¬
tions may undergo a transformation from a pyriform-shaped cell
(Figs. 2, 3) to an elongate, rapid-swimming cell with a long
caudal cilium (Figs. 4, 5). The transformed cells displayed
unique phenotypes that have been well documented for T. pyri-
formis. T. thermophila, in addition to the elongate shape and
caudal cilium, displayed numerous somatic cilia and an inconspi¬
cuous oral apparatus (Fig. 6). A comparison of such a cell
and its control is shown in Figs. 2, 6 and 7. Transition to
the elongate form occurred within 2 hr at 28 C by suspending
the cells in Dryl's salt solution, distilled water or Tris
buffer (pH 7.4). Extremely elongate forms were produced under
distilled water starvation. The buccal overture was reduced
to a narrow, elongate slit through which the ciliated membra-
nelles may be seen (Figs. 8, 9). The dense somatic ciliation
on the transformed cell resulted from both increased numbers
of basal bodies per ciliary row and all the basal bodies present.
The usually conspicuous oral apparatus was rendered inconspi¬
cuous by being situated in a deep pocket partially covered
over by somatic ciliary rows (Figs. 9, 10, 11).
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Fig. 2. Scanning electron micrograph (SEM) of B3 cell
(Control).
Note the pyriform-shaped cell, buccal cavity
(BC), and somatic cilia (SC). x 3000
Fig. 3 SEM micrograph of control cell showing oral (OR)
and somatic cilia. x 4000
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Fig. 4. SEM micrograph of transformed cell.
Note the displaced oral structure (OS),
increased somatic ciliation (SC), and
caudal cilium (CC), x 3078
Fig. 5. Transformed cell showing the membranous
organelles (MO), buccal cavity (BC),
and caudal cilium. x 2900
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Fig. 6. 9 hr post mixed cells. Oral apparatus
is inconspicuous (OA).
Note increased ciliation and furrow
formation (CF). x 2800
Fig. 7. Fully transformed cell. Note reduction
in oral structure (OS). x 3000
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Fig. 8. Transformed cells making ciliary contact
prior to cell adhesion, x 3000
Fig. 9. Oral structures of transformed cell.
Note ciliated membranelles (CM) over
the oral structures. x 7680
.m
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Fig. 10. Cells mixed for 2 hr showing initiation of
conjugation.
Note initiation of oral reabsorption (OR),
cell contact (CC). x 3000
Fig. 11. Tips of transformed cells.
Note the large smooth surfaces (LSS). x 2046
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Conjugation was calculated from the number of mating pairs
observed while counting 500-1000 cells using a phase contrast
microscope. Values presented in Table 2 are the averages of six
different experiments. Upon mixing the two mating types (B3
and B7) that had been starved for 24 hr, there was a lag period
of about an hour during which stable unions were not formed
(Table 2). Conjugation appeared to be an exponential function,
being very rapid during the 2-5 hr interval, some of which only
transient unions, reaching maximal value 8-12 hr after the
mixing of the mating types.
During the 1 hr lag period a cell interaction occurred and
was dependent upon a certain degree of positional stability.
This interaction was completed about 1 hr, but a maturation
period preceded cell pairing. This process (maturation) involved
a distinct morphological alteration at the tip of the cell,
exposing a large smooth surface which participates in the
specialized junction formed between cells in pairs (Figs. 11,
12, 13 and 14). Control cells did not show the tip transformation
(Fig. 15). Alphaprodine HCl did not block this cellular
transformation but led to deciliation (Fig. 16). This trans¬
formation is stable and not reversible by introducing nutrients
into the medium. The transformed cells appeared longer than
the controls. Cell pairing commenced from the fusion of the
anterior tips. After the cytoplasm of paired cells joined
through plasmamembrane fusion (Figs. 17, 18, 19 and 20),
micronuclei were "activated" and increased in length (Fig. 21).
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Table 2. Effects of nutrients, Tris buffer, sterilized
distilled water on conjugation in ^ thermophila
mating types B3 and B7
Percent pairs formed
Time after Distilled
mixing (hr) Nutrients Tris buffer Water
0 0 0 0
1 0 0 0
2 0 .1 .1
3 0 8.0 7.8
4 0 18.0 18.0
5 0 42.0 40.0
6 0 75.0 73.0
8 0 88.0 80.0
10 0 94.0 81.0
12 0 96.0 88.0
24 0 78.0 68.0
Fig. 12. Initiation of cell pairing prior to conjugation.
Note the round smooth anterior tip (SAT), x 1501
Fig. 13. Initiation of conjugation in sexually matured
cells.
Note specialized junction between the comple¬
mentary cells (SJ). X 4701
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Fig. 14. Ciliary fusion of complementary cells.
Note the increased somatic cilia (SC),
absence of oral structures and the
elongate body, x 5000
SEM of control cell (B7).
Note the pyriformed shaped body and the
conspicuous oral apparatus (UP). x 3000
Fig. 15
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Fiq. 16. Effects of alphaprodine HCl on T. thermophila
B3.
Note the reduction of somatic cilia (SC).
The cells were induced to conjugate. x 2000
Fig. 17. Effects of alphaprodine HCl on transformed
tips of T. thermophila.
Note the smooth tip (SM). x 2000
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Fig. 18. SEM micrograph of plasmamembrane fusion
of conjugating cells exposed to 0.75 mg/ml
alphaprodine HCl. x 2000
Fig. 19. Photomicrograph of control cells.
Note the pyriform-shape of the cells.
28
Fig. 20. SEM of conjugating cells.
Note the fusion of the cytoplasm. x 1500
Fig. 21. Photomicrogrpah of cell exposed to
0.75 mg/ml alphaprodine HCl.
Note initiation of conjugation (C).
29
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During conjugation the cells attached only at their oral surfaces
(Figs. 22, 23 and 24). The cells attached only at their oral
surfaces during conjugation (Figs. 22, 23 and 24), though
temporary attachment did occur elsewhere (Figs. 25, 26 and 27).
In synchronized cultures induced by starvation, in which most
of the cells are conjugating, the union of three cells is seen.
Addition of food causes the cells to revert from the transformed
phenotypes. The present data suggest that the transformed
phenotjgpei is relatively stable as a nontrophic, dispersal form.
The interaction of nuating types causes the cells to do something
«
other than transform, probably to undergo cell division, or to
mate> or both. Cytokinesis commenced by formation of a furrow
in the middle of the conjugants (Fig. 28) and redifferentiation
of buccal cavities that were reabsorbed during initiation of
conjugation occurred before separation of the conjugants (Figs.
29, 30). There is clearly a wave of cell division at 3-4.5 hr
(Table 1; Figs. 31, 32 and 33) post mixing. Figure 34 shows
the final stage of cytokinesis.
Transformed cells do indeed mate. The paired cells are
invariably somewhat rounded in shape and the caudal cilia (which
are retained for a time) generally appear to be reduced in
length (Fig. 35). Hybrid cells that resulted from the induced
mating of B3 and B7 cells are shown in Fig. 36. The cells
appeared rounded with transformed tips. A control cell is
shown in Fig. 37. A cell induced to transform in sterilized
distilled water is shown in Fig. 38. The cell is highly
Fig. 22. SEM micrograph of the site of cell fusion
on conjugating cells, x 3400
Fig. 23. SEM micrograph of cells mixed for 16 hr in
starvation medium.
Note cell adhesion at the anterior tip.
X 6550
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Fig. 24. SEM micrograph of conjugating cells.
Note initiation of cytokinesis.
(Furrow formation at the median; F).
X 4500
SEM micrograph of plasmamembrane fusion of
conjugating cells initially exposed to
0.75 mg/ml alphaprodine HCl.
Note plasmamembrane (PM) fusion. x 2390
Fig. 25.
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Fig. 26. Transformed tips of conjugants.
Note absence of oral structures and the
presence of the smooth anterior tip (SMT).
X 3400
Fig. 27. SEM micrograph of matured hybrid cells
induced to conjugate.
Note reduced oral structure (OS). X 1800
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Fig. 28. SEM micrograph of cellular dedifferentiation
in transformed cells.
Note absence of oral structure and cleavage
furrow (CF). x 3200
SEM micrograph of cellular redifferentiation
that occurred towards end of conjugation.




Fig. 30. SEM micrograph of redifferentiated oral
structures. Located at the anterior-
median plane.
Note buccal apertures (BA) with the
membranous cilia (C). x 1525
Fig. 31. SEM micrograph of cells initiating
cytokinesis during starvation conditions.
Note cleavage furrow (CF). x 1236
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Fig. 32. SEM micrograph of post-conjugation events.
Note the bigger cell is undergoing binary
fission. X 4270
Fig. 33 SEM micrograph of cell division in starved
cells. X 853
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Fig. 34. SEM micrograph showing completion of
cytokinesis in an exconjugant. x 1510
Fig. 35. SEM micrograph of conjugating cells showing
complete fusion of cytoplasm.
Note caudal cilia (CC). x 3432
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Fig. 36. SEM micrograph of hybrid cells from B3 and
B7 cells.
Note the shape of the cells and the con¬
spicuous oral structures (OS), x 3630
SEM micrograph of control cells (B7) showing
the oral structure (OS) and contractile




elongated and the membraneous cilia are shown in the buccal
cavity.
Population Growth Observations
A great deal of information about control and regulation
of cell growth and reproduction can be obtained by studying the
growth curves of a cell population. This test was designed to
observe the effects of various concentrations of alphaprodine
HCl on the population growth rate of T. thermophila Strain WE
2035. Table 3 shows that as the concentrations increased there
was a general decrease in the population growth rate. Also
shown in Table 3 are the average growth readings. The effect
of representative drug concentrations on population growth rate
are plotted as a function of dose of the drug as shown in Fig.
39.
The curve can be divided into phases: lag, acceleration,
exponential (log), maximum stationary and decline. The lag
phase is characterized by an initial period of no increase in
cell number or sometimes even a drop in cell number. This is
followed by a phase of accelerated increase in cell number
(Fig. 39). During the exponential phase, the cell number
increases geometrically at a constant maximal rate characteristic
of this strain and the culture conditions. The log phase is
followed by a phase of decelerating increase in cell number,
and then by a stationary phase in which the cell number is
maximal and constant for a time. With time the culture enters
the decline phase. The entire phase is influenced by the
Fig. 38. SEM micrograph of transformed cell starved
in sterilized distilled water.
Note oral aperture (OP) and the elongate
structure of the cell. x 3500
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Fig. 39. Abscissa: hours; ordinate: optical density.
Illustration of changes induced by
alphaprodine HCl on the cell population
growth cycle of T. thermophila Strain WE
2035.
Note O—Of 0 mg/ml (Control)






concentration of the drug. Alphaprodine HCl increased the lag
period (0.75 mg/ml) and even caused a drop in cell number at
25.00 mg/ml. The exponential phase is lengthened (0.75 mg/ml)
or completely inhibited (25.00 mg/ml). The morphology of the
treated cells was markedly altered.. The cortex was greatly
distorted and the cells assumed a variety of bizarre shapes
(Figs. 40, 41 and 42). The drug inhibited population growth
cycle by causing deciliation of the organisms (Figs. 41, 43,
44 and 45).
Motility Observations
Light microscopic examinations were used to determine the
general effects of alphaprodine HCl on T. thermophila's motility.
All organisms were exposed to the drug concentrations previously
indicated in.Table 2. Figpre 46 and Table 4 show that motility
was reduced, but not stopped within the first minutes of exposure
to 1.45 mg/ml drug conGernstration. However, in 60 min at the
s.aihe concentitation, 26% immobility had occurred. Also, in 45
min, 85% of the cell motility had ceased at a concentration of
3.00 mg/ml. It was noted that.at a concentration of 5.50 mg/ml
motility ceased completely after 25 min exposure to the drug.
Concentrations of 25 mg/ml showed 100% motility within 5 min.
The control cells showed 100% motility for the 60 min observa¬
tion. Control cells showed the usually pyriform-shape (Fig.
19), while the experimental cells appeared ovoid (Fig. 42).
Drug concentration is very critical to cell shape and motility.
At relatively low concentration (0.75 mg/ml) there is no
Fig.
Fig.
40. Photomicrograph of cell exposed to
1.25 rag/ml alphaprodine HCl.
Note the morphology of the cell is
distorted.
41. SEM micrograph of cell exposed to
25.00 mg/ml alphaprodine HCl.
Note absence of somatic cilia. X 3680
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Fig. 42. Photomicrograph of cells exposed to
10.00 mg/ml alphaprodine HCl.
Note the altered morphology of the
cells.
Fig. 43. SEM micrograph of cell exposed to
1.25 mg/ml alphaprodine HCl.
Note reduction of the somatic cilia.
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Fig. 44. SEM micrograph of the tip of cell exposed
to 0.75 rag/ml alphaprodine HCl.
Note reduction of cilia, x 5260
"S
Fig. 45. SEM micrograph of cell exposed to
1.25 mg/ml alphaprodine HCl. x 3007
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Table 4. Effects of Alphaprodine HCl on motility of Tetrahymena thermiophila
Drug Cone. Percent immobilization occurring with time (min)
Mg/ml 0 5 10 15 20 25 30 35 40 45 50 ■ 55 60
0.75 0 0 0 0 0 0 0 0 0 0 0 0 0
1.10 0 0 0 , 0 0 0 0 0 0 0 0 0 0
1.25 0 0 0 0 0 0 0 0 0 0 0 0 0
1.45 0 0 0 0 . 0 0 0 0 0 18 18 20 26
3.00 0 38 60 61 . ; 61 62 72 83 84 85 85 95 95
5.50 0 65 80 86 90 100 100 100 100 100 100 100 100
10.00 0 75 95 100 .100 ioo 100 100 100 100 ibo 100 100
25.00 0 100 100 IDO 100 -■ 100 100 100 100 100 100 100 100
*Control 0 0 0 0 0 0 0 0 0 0 0 0 0
*Culture medium without alphaprodine HCl
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difference between the experimental and control cells (Table
4). The cells could not swim effectively but turned in
circles or moved erratically at higher drug concentrations.
Fig. 46. Time taken for alphaprodine HCl to cause
immbolization of T. thermophila. 0, 1.45
Note o = 1.45 mg/ml
A = 3.0 mg/ml
a = 5.5 mg/ml
X = 10.0 mg/ml
%ORGANISMIMMOBIL ED oO) o
CHAPTER V
DISCUSSION AND CONCLUSION
Transformation of Tetrahymena pyriformis to a fast-swimming
form occurs regularly in bacterized cultures as the food supply
is exhausted, or it may be induced in almost 100% of the cells
in axenic cultures by starvation in a suitable medium (Nelsen
and DeBault, 1978). Fully transformed cells are distinguished
by their rapid swimming, elongated and tapered shape, tucked-in
("cryptostome") oral apparatus resulting from oral replacement,
and long caudal cilium plus generally increased ciliation.
Transformation in Tetrahymena resembles the amoeba-flagellate
transformation of Naegleria (Fulton and Dingle, 1967; Fulton,
1977; Dingle, 1977) in that both appear to produce a dispersal
form in response to changed or changing environmental conditions.
However, these systems differ in the ease with which the
dispersal form is induced and the stability of that form.
Naegleria may transform in response to slight changes in the
environment, and fully transformed flagellates are transient
forms that retransform to amoebae within minutes. This back and
forth transformation may occur several times after slightly
altering environmental conditions, and it has been observed
under presumably constant conditions (Fulton, 1977; Dingle,
1977). In Tetrahymena, transformed cells never showed up
in axenic conditions and cells in nonaxenic conditions only
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transform after depletion of food sources.
Transformation of T. thermophila to the fast-swimming form
is not a simple process whereby cell shape is altered. It has
been demonstrated that changes produced during transformation
in Tetrahymena include: (a) the development and growth of a
caudal cilium; (b) an increase in the number of basal bodies
and somatic cilia; (c) shape alteration to an elongate form;
and (d) production of an oral apparatus that is situated beneath
the surface of the cell (Nelsen and DeBault, 1978). As a result
of these extensive changes, a new phenotype is produced. The
presence of caudal cilium in Tetrahymena has already been
reported (Nelsen, 1975). Since the caudal cilium has been used
as a taxonomic criterion in the past (Corliss, 1954, 1973), its
discovery in type species of this genus seriously weakens its
use in taxonomic properties.
Microtubule proteins are major components of somatic cilia-
ture of Tetrahymena. Hence, transformational changes would
require a considerable amount of microtubule assembly at a time
when the cell is starving and has no exogenous supply of amino
acids. If de novo synthesis of the bulk proteins of these
structures is required, it would necessarily be at the expense
of other cell proteins. Large pools of tubulins have been
demonstrated in T. pyrjformis GL-C (Nelsen, 1975; Wolfe et al.,
1978). Transformation of cells was shown to be sensitive to
cycloheximide, implying that de novo synthesis is required for
oral replacement and increased somatic ciliation in transformed
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cells (Ron and Horovitz, 1977). Elongation of cells was blocked
by cycloheximide. In T. pyriformis it has been shown that de
novo protein synthesis is required for growth of somatic cilia
following deciliation (Rosenbaum and Carlson, 1969; Rannestad,
1974).
Transformation is triggered and maintained by conditions
closely related to those required for conjugation. Both pro¬
cesses require starvation of cells when cultures of two starved
mating types were mixed, many cells apparently mated instead
of transforming, and transformed cells could mate. More cell
divisions were observed in mixed cultures. Previous reports
have shown that cells can transform in all stages of the
macronuclear DNA cycle (Nelsen and DeBault, 1978), whereas
there is evidence that conjugation occurs mainly or only in Gi
(Doerder and DeBault, 1975; Wolfe, 1976a). Hence, division of
cells in the cell cycle might be required for conjugation
(Wolfe, 1974) but not for transformation. The 2 hr lag period
in which cells become competent to interact or transform may be
primarily a period of metabolic adjustment. Such adjustment
may involve a complex series of events. It has been implicated
that T. thermophila may alter its ribosomes in response to a
decrease in cell growth rate (Hallberg and Sutton, 1977). It
is possible that certain important events occurred in starved
cells during the 2 hr lag period to trigger either cellular
transformation or conjugation that occurs in T. thermophila.
Two kinds of mechanisms have been suggested for the
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recognition and agglutination stages of conjugation processes
in protozoa. One involves the participation of the membrane-
bound mating substances, as in Paramecium (Kitamura et al.,
1976) and Chlamydomonas (Snell, 1976). The second mechanism,
deduced from studies in Blepharisma intermedium, involves sol¬
uble macromolecules, among them glycoproteins. These substances
induce specific chain reactions which eventually lead to agglu¬
tination and conjugation of complementary mating types (Lallier,
1972).
Participation of membrane-bound proteins in the conjugation
process of Tetrahymena has been suggested by Brun et al., (1975)
and Allewell et al. (1976). In contrast to this view, Phillips
(1971) has suggested involvement of soluble substances, based
on experiments showing that conjugation can be stimulated by
cell-free conjugation medium. An extracellular factor (glyco¬
protein) has been implicated in cell-cell interactions associ¬
ated with conjugation in Tetrahymena (Barker and Wolfe, 1979).
Two separate interactions depend on the factor and the factor
is produced by both mating types. This factor has been shown to
be a glycoprotein. The pairing process is sensitive to hydroxy¬
urea, cerulenin, tenicamycin and Concanavalin A (Richmond, 1979;
Frisch et al., 1977a). Concanavalin A, a plant Lectin that is
very specific for glycoprotein, prevents conjugation by binding
to the cell membrane of starved cells. This proved that the
factor is possibly glycoprotein.
The present study shows that starvation conditions can
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trigger cells into agglutinating and or transformation by
inducing production of a soluble factor. The cell fusion occurs
at specific sites on the membrane and at a specific stage in
the cell cycle. Conjugation is not merely an agglutination
reaction, but like other developmental systems, requires specific
preparations and specific cellular interactions. The prepara¬
tions are of two kinds: (a) cells not in Gi must transverse a
cell cycle and arrive at G^; (b) cells already in G^ require
2-3 hr before they can participate in pairing. The results also
suggest some biochemical criteria that may be used to distinguish
the various stages of conjugation and point to correlations
between the biochemical and ultrastructural events that occur
at each stage of conjugation. Initiation is applied to the
cellular events that occur during the 2 hr lag period and is
required before cells of complementary mating types can stimulate
each other to conjugate or divide (Bruns et al., 1974). While
both initiation and costimulation require starvation conditions,
initiation does not require presence of complementary mating
type. This stage requires de novo proteins and RNA synthesis
as it is blocked by cycloheximide (Allewell et al., 1976). The
cell pairing that occurred after 1-2 hr in starvation conditions
can be disrupted by groups of reagents: proteose peptone and
Con A (Richmond, 1979). This reversibility by proteose peptone
implies that the buccal cavity continues to function even in
attached cells. This also indicates that pairing is a two way
system, with attachment preceding the reabsorption of oral
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structures, formation of pores and the establishment of cyto¬
plasmic continuity between the attached cells. It seems likely
that these physiological and structural changes are related.
Temperature also affects the pairing process. The pairing is
disrupted or prevented at temperatures below 26 C.
Several factors must be considered when one observes the
effects of drugs or any type of inhibitors on Tetrahymena. One
factor is time and depth of penetration. For a number of drugs
the concentration required to achieve a given penetration effect
is lower for Tetrahymena. This ciliate ingests nutrients
through the buccal cavity and by pinocytic vesicles through the
cell membrane. Alphaprodine HCl is lipid soluble and this will
facilitate its absorption via receptors on the membrane. The
receptor sites for the drug have been postulated for a eucaryotic
(cat) cell membrane. There are similarities between Tetrahymena
and other eucaryotic membranes. This may facilitate its absorp¬
tion and transport across cell membrane. The drug prevents cell
population growth rate, possibly by inhibiting cellular meta¬
bolism. It had been demonstrated that the drug prevents acti¬
vation of lactic and pyruvic acid by competing with them for a
transport system (Quastel and Wheatley, 1932). The drug might
be blocking this key metabolic pathway and causing hypnoxia in
the culture. Respiratory rate is depressed as oxygen is not
utilized. However, this inhibition is reversible at relatively
slow concentration.
Alphaprodine HCl does not prevent cell transformation or
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conjugation but at higher concentrations can cause abortive con¬
jugation, possbly by inhibiting the energy-yielding steps of
cellular metabolic pathways. The results reported here indicate
that alphaprodine HCl markedly affects the morphology of Tetra-
hymena, particularly the ciliary structures. It is interest¬
ing that while the drug affects growth and motility, it does
not prevent conjugating cells from going towards completion.
The drug has been reported to bind the neurons in higher orga¬
nisms (Pert et al., 1973; Goldstein et al.,1971) and it caused
respiratory depression (Gilman and Goodman, 1977; Pentiah et
al., 1966; Florez et al., 1968). The drug has been shown to
specifically compete with lactic and succinic acids for transport
across neuron cell membrane (Quastel and Wheatley, 1932) and even
been localized in the mitochondria of neurons. The drug might
have affected the cell population growth cycle by inhibiting
the energy-yielding steps of metabolism. This can lead to
anoxia and death of the cells. Ultrastructural study (SEM)
showed that the major destructive effect is on cilia and ciliary
structures (cortex).
Immbolization is a forerunner of cytolysis and disintegra¬
tion in ciliates. This is in agreement with findings observed
in animals tested at higher drug concentration ( ^t.3.00 mg/ml).
Van Eys and Warnock (1963) and Jahn and Jones (1965) reported
similar results on Tetrahymena. Van Eys and Warnock (1963)
found that methonium chloride specifically inhibited ciliary
movement. They also found that the drug caused cytolysis and
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subsequent disintegration. Jahn and Jones (1968) suggested
that a possible cause could be binding of hexamethonium chloride
at the cortical surface, causing displacement options, and thus
disruption of the membrane. This is, however, purely specula¬
tive .
From the experimental results, alphaprodine HCl caused a
reduction in growth and immobilization of T. thermophila, which
could be based on deciliation and inhibition of the metabolic
processes of the organisms. Immobiliziation and death that
occurred at 10.00 mg/ml-25.00 mg/ml after 24 hr may have been
caused by inhibition of respiration and feeding. The cytolysis
and disintegration of cilia that occurred could be due to the
drug's inhibitory property acting on the cellular cortex.
Ciliary motility is an energy-requiring process. Therefore,
the drug blocks energy-yielding processes of normal carbohydrate
metabolism in T. thermophila by competing with lactic, pyruvic
and succinic acids for transport systems.
CHAPTER VI
SUMMARY
1. Transformation of Tetrahymena thermophila to a rapid¬
swimming (dispersal) form can be induced by washing cells and
suspending them in sterilized distilled water, Dryl's solution
or lOmM Tris buffer.
2. Transformation is possible with high efficiency in
mass cultures of axenically growth cells 2 hr at 28 C.
3. The transformed cell is characterized by a more elongate
body form, increased numbers of somatic cilia, a long caudal
cilium and oral membranelles positioned beneath the cell surface.
4. Complete nutrient medium inhibits conjugation.
5. Alphaprodine HCl at all concentrations tested reduced
the population growth cycle of T. thermophila.
6. The drug's inhibitory effect is on cilia and cellular
respiration.
7. Alphaprodine HCl did not prevent conjugation, but
prolonged exposure of the conjugants to the drug ( ^>60.00
mg/ml) can cause abortive conjugation.
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